Optical absorption and emission intensities are investigated for Ho 3+ doped into single-crystal KPb 2 Cl 5 . Room temperature absorption spectra of Ho 3+ ͑4f 10 ͒, representing transitions from 5 I 8 to excited multiplet manifolds observed between 400 and 2100 nm, have been analyzed using the Judd-Ofelt ͑JO͒ model to obtain the phenomenological intensity parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 . The JO intensity parameters are used to calculate the spontaneous emission probabilities, radiative lifetimes, and branching ratios of the Ho 3+ transitions from the upper multiplet manifolds to the corresponding lower-lying multiplet manifolds 2S+1 L J of Ho 3+ . The room temperature fluorescence spectrum in the near infrared region is reported between 850 and 1550 nm. The emission cross section for the intermanifold transition, 5 F 5 → 5 I 7 ͑0.98 m͒ has been determined. The 8 K absorption spectrum was examined as well. The detailed structure observed in the absorption bands 5 I 7 , 5 S 2 , 5 F 4 , and 5 F 3 , was analyzed in terms of the crystal-field splitting of each manifold using a charge-compensation model first developed for Er 3+ doped into KPb 2 Cl 5 . The optical and spectroscopic characteristics of Ho 3+ : KPb 2 Cl 5 demonstrate that this material has potential as a laser host system at various wavelengths.
I. INTRODUCTION
In search of rare-earth laser host materials for various applications in the near infrared wavelength region, the crystal host known as potassium lead chloride ͑KPb 2 Cl 5 ͒ is found to possess many spectroscopic and mechanical properties that are critical for efficient use in device applications such as remote sensing, infrared counter measures, and communication networking. [1] [2] [3] [4] [5] The low phonon-energy ͑about 203 cm −1 ͒ scheme of the KPb 2 Cl 5 host, similar to that observed in popular fluoride hosts for rare-earth ions, results in a less strongly coupled system to the rare-earth ion electronic states. As a consequence, longer fluorescent lifetimes are observed relative to oxide hosts and higher quantum efficiencies are obtained. These properties characterize the crystal as an electro-optic material having highly desirable optical properties.
KPb 2 Cl 5 is found to be a nonhygroscopic crystal host that readily incorporates rare-earth ions. It is biaxial and crystallizes in the monoclinic system belonging to the space group P2 1 / c with lattice parameters a = 0.8831 nm, b = 0.7886 nm, c = 1.243 nm, and ␤ = 90.14°. One of the attractive features of KPb 2 Cl 5 is that it is transparent in the 300-2500 nm wavelength range, thereby providing a suitable host for laser emission in the near-and middle-infrared regions. 6, 7 It has been demonstrated that the trivalent holmium ions Ho 3+ ͑4f 10 ͒ can produce stimulated emission at wavelengths in the near infrared region of the spectrum. 8, 9 Johnson and Guggenheim 10 and Pollack et al. 11 showed that when codoped with ytterbium Yb 3+ , Ho 3+ ͑4f 10 ͒ can convert infrared radiation into visible emission in the green region of the spectrum through a process known as upconversion. With proper concentration ratios between the rare-earth ions, upconversion is possible so that stimulated emission can occur at longer wavelengths. According to Gilliland et al. , 12 when codoped with Yb 3+ , Ho 3+ can produce stimulated emission at 2.1 m. The efficiency of laser action can be significantly increased by pumping into the Yb 3+ absorption band around 960 nm using powerful diode lasers.
In this article, we report the spectroscopic analysis of Ho 3+ ͑4f 10 in other laser host materials. [15] [16] [17] The emission cross section of the 5 F 5 → 5 I 7 transition has also been determined. The radiative lifetime obtained for this transition is compared with that predicted for the other fluoride crystal hosts. [15] [16] [17] In addition, a crystal-field splitting analysis of the energy bands of Ho 3+ ͑4f 10 ͒ was performed where the resolution of the 8 K spectra permitted a detailed analysis of the structure associated with individual transitions between Stark levels.
II. MATERIALS AND METHODS
A single crystal of Ho 3+ : KPb 2 Cl 5 , whose spectra were investigated in this study, was grown at the Center for Photonics Materials and Devices in the Department of Physics at Fisk University. In growing the Ho 3+ -doped crystal, high purity anhydrous HoCl 3 was used as the dopant, which was added to zone-refined KPb 2 Cl 5 , sealed under vacuum in an ampoule, and placed inside a vertical Bridgman-Stockbarger furnace for crystal growth. According to Velazquez et The fluorescence spectrum was analyzed by a SPEX scanning monochromator ͑Model 1250M͒ equipped with a 600 grooves/mm grating blazed at 1.0 m. Signals were detected by a liquid-nitrogen-cooled germanium detector. The spectral resolution of the monochromator was 0.1 nm and the wavelength reproducibility of the monochromator was better than 0.01 nm. A desktop computer was employed to control the monochromator and to acquire and analyze the data. The room temperature fluorescence spectrum is shown in Fig. 5 .
III. DATA ANALYSIS

A. Electric dipole contribution
The JO theory 13, 14 Table V. earth ions in several host materials and is described elsewhere, [19] [20] [21] [22] [23] [24] [25] [26] hence we include only a summary and the essential equations here. A total of nine Ho 3+ absorption bands in the room temperature absorption spectrum between 400 and 2100 nm, shown in Figs. 1 and 2, were chosen to determine the phenomenological JO intensity parameters.
The line strengths representing manifold-to-manifold electric dipole transitions were determined using the following expression:
where J and JЈ are the total angular momentum quantum numbers of the initial and final states, respectively, n is the refractive index, N 0 is Ho 3+ ion concentration, is the mean wavelength of the specific emission band, ⌫ = ͐␣͑͒d is the integrated absorption coefficient, and c and h have their usual meaning. Following the arguments given in Refs. 1 and 27, the average value of the refractive index for this material was taken to be 2.019 for the wavelengths analyzed. The factor ͓9 / ͑n 2 +2͒ 2 ͔ in Eq. ͑1͒ represents the local field correction for the ion in the dielectric host medium. 28 The measured line strengths were then used to obtain the JO parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 by solving a set of nine equations for the corresponding transitions between J and JЈ manifolds in the following form:
where the matrix elements ͗ʈU ͑t͒ ʈ͘ are doubly reduced unit tensor operators of rank t calculated in the intermediatecoupling approximation and are independent on the crystal host. The parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 exhibit the influence of the host on the transition probabilities since they contain the crystal-field parameters, interconfigurational radial integrals, and the interaction between the central ion and the intermediate environment. When two or more absorption manifolds overlapped, the squared matrix element was taken as the sum of the corresponding squared matrix elements. The values of the measured absorption strengths ͑S meas ed ͒ of the forced electric dipole transitions are tabulated in Table I Using the JO parameters, the spectroscopic quality factor, X = ⍀ 4 / ⍀ 6 for Ho 3+ : KPb 2 Cl 5 is determined. The X value is an excellent indicator for stimulated emission in a laser host medium. The JO parameters ⍀ 2 , ⍀ 4 , and ⍀ 6 and the X values for Ho 3+ in different hosts are given in Table II . [17] [18] [19] The electric dipole transition probability A calc ed ͑J → JЈ͒ was then calculated using the following equation: 
B. Magnetic dipole contribution
For most transitions, the probability for magnetic dipole transitions is much smaller than those for the forced electric dipole transitions ͓A md ͑J → JЈ͒ Ͻ A ed ͑J → JЈ͔͒. However, in certain cases, they may significantly contribute to the total J → JЈ radiative transition probability. In Ho 3+ , this is particularly the case for 5 I 7 → 5 I 8 and 5 I 6 → 5 I 7 transitions. 17 The magnetic-dipole transitions are parity allowed between states of the 4f N configuration and are subject to the selection rules, ⌬ᐉ =0, ⌬S =0, ⌬L =0, ͉⌬J͉ Յ 1, ͑but not 0 ↔ 0͒ in the RusselSaunders limit. 29 The line strengths due to the magnetic dipole contribution were determined using the following expression:
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The line strengths of the bands due to magnetic dipole contribution can be determined from the corresponding values of oscillator strengths, f calc md using the following expression:
Values of f calc md were obtained from Carnall et al. 30 The magnetic dipole transition probability A calc md ͑J → JЈ͒ was then calculated using the following equation:
where md = n 3 . In our analysis, we considered both the electric-dipole and magnetic-dipole contributions in determining the radiative decay rates, branching ratios, and radiative lifetimes. Consequently, the total probability for radiative decay is given by
and the total radiative lifetime r for an excited state ͑J͒ to a lower-energy state ͑JЈ͒ was obtained by the following expression:
is critical when analyzing transitions such as 5 I 7 → 5 I 8 and 5 I 6 → 5 I 7 , where the magnetic dipole contribution is significant. In other cases, the radiative lifetime is well approximated using Eq. ͑3͒, where the electric dipole transitions are the predominating contributions. Calculated values for r are given in Table III. The fluorescence branching ratios ␤͑J → JЈ͒ are determined from the radiative decay rates by using the following expression:
The values of the branching ratios for Ho 3+ transitions in Ho 3+ : KPb 2 Cl 5 are given in Table III .
C. The emission cross section
The room temperature emission cross section of the 5 
where is the wavelength of the peak emission, is the wave number, ␤͑J → JЈ͒ is the fluorescence branching ratio for the transition from the upper manifold J, to the lower manifold JЈ, and J is the radiative life time of the excited manifold, and g͑͒ is the line-shape function. The line shape function is obtained from the fluorescence spectrum using the following equation:
where I͑͒ is the intensity at . The line shape function for the 5 F 5 → 5 I 7 intermanifold transition can be determined by dividing the peak intensity by the integrated area of the respective fluorescence spectrum. The value of g͑͒ obtained from Eq. ͑11͒ along with the values of radiative lifetime, intermanifold branching ratio, , and n were applied to Eq. ͑10͒ to determine the emission cross section for the 5 
D. Modeling the crystal-field splitting
Recently, we reported modeling the crystal-field splitting of the energy levels of Er 3+ ͑4f 11 ͒ in charge-compensated sites of KPb 2 Cl 5 . 7 The assumption made in that work was that the trivalent erbium substitutes for divalent lead ͑2͒ along the low symmetry axis connecting the Pb͑2͒ site with a K + vacancy ͑see Fig. 1 of Ref. 7͒ . A more than adequate number of energy ͑Stark͒ levels was available in that study to obtain a phenomenological set of crystal-field parameters ͑B q k in Wybourne notation͒ to establish the erbium manifold splittings in the low-symmetry charge-compensated sites of C s symmetry. The model included an adjustable parameter representing the separation between the erbium and the potas- In the present study, we began with an initial set of holmium parameters obtained from Er 3+ ͑see Table 2 of Ref. 7͒ and varied the calculated splitting for Ho 3+ ͑4f 10 ͒ against the experimental Stark levels listed in Table V. The experimental Stark-level transitions were established from an analysis of the deconvoluted absorption spectrum obtained at 8 K. We followed the minimization method to obtain the calculatedto-observed Stark levels reported for Er 3+ . 7 The results are reported in Table V. Several caveats need to be stressed. The relatively small overall manifold splittings together with the low symmetry site ͑C s ͒ of Ho 3+ that was modeled in the present study, lead to results that are nearly accidentally degenerate for many Stark levels. We found it difficult to resolve the entire manifold structure into the 2J + 1 Stark components associated with a single manifold for non-Kramers Ho 3+ ͑4f 10 ͒ in C s sites. Deconvolution of the structured manifold spectra, as shown in Figs. 3 and 4 , indicate that the values appearing in Table V are approximate. Nevertheless, they are useful in interpreting the observed structure in the spectra. Analysis of the hot bands, as shown in Fig. 2 , for example, results in identifying part of the splitting of 5 I 8 as 0, 4, 16, 26, 65, 107, and 164 cm −1 , 7 out of a total of 17 nondegenerate Stark levels expected for this manifold.
IV. SUMMARY
A spectroscopic analysis has been performed on Ho 3+ : KPb 2 Cl 5 using the standard JO model to determine the radiative decay rates and branching ratios for the transitions from 5 32 The JO intensity parameters reported in that paper are larger than the values shown in Table II . An in-depth review of the spectroscopic analysis of our data leads us to confidence in reporting our results. [15] [16] [17] These values are shown in Table IV . The radiative lifetime for the 5 F 5 state is long enough for storing energy, thus enabling this system to become an ideal candidate for a Q-switch operation. It is also important to note that the Ho 3+ 5 I 7 → 5 I 8 transition ͑1980 nm͒ has a branching ratio of 1.0 and a radiative lifetime of approximately 75.95 ms. Unfortunately, we were unable to take the fluorescence spectrum in that wavelength region owing to the lack of an appropriate detector and a reflection grating.
The overall crystal-field splitting of the Ho 3+ manifolds is relatively small in comparison with the splitting of Ho 3+ observed in oxide hosts. Moreover, the symmetry at the charge-compensated sites of Ho 3+ is very low ͑C s symmetry͒. As a result, it was not possible to resolve the 8 K absorption spectrum into all the transitions excited between individual transitions between Stark levels. In many cases, we found it necessary to deconvolute the spectra in order to identify individual Stark levels. As an example, the deconvoluted spectra shown in Figs. 3 and 4 are given in Table V and represent approximate Stark-level energies. The sharp peak ͑1958.38 nm͒ and shoulder ͑1960.17 nm͒ observed in Fig. 4 suggest the possibility of a manifold ͑ 5 I 7 ͒ from which stimulated emission may occur to the 5 I 8 manifold. It is important to note that the pure host KPb 2 Cl 5 exhibits the property of birefringence whose structure and symmetry are extensively described in Refs. 6 
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reduces the symmetry of the host. Therefore, the Ho 3+ ionsite has low symmetry ͑C s ͒. Hence, the polarizationdependent analyses are no longer possible. This may cause minor errors in the JO calculations. For the entire wavelength range investigated for absorption and emission intensities analyses, a constant value of refractive index was chosen. The lack of sufficient amount of sample to fabricate into a prism precluded our determination of measuring the wavelength-dependent refractive indices. Finally, due to ion segregation in the boule during crystal growth, the estimated Ho 3+ concentration could slightly be different from the actual ion concentration.
In summary, the detailed JO analysis and the crystal-field modeling on Ho 3+ : KPb 2 Cl 5 indicate that this material has potential for various photonic applications. Therefore, this material deserves further investigation to evaluate its potential as a laser system.
